Abstract: Laser irradiation is using to treat oral peri-implantitis instead of surgical curettage to removing bacteria and infl ammatory granulation material adhered to the implant surface. However, there were few eff ects known about laser treatment for periodontal cell functions. Therefore, in this study, we investigated the effect of CO 2 laser irradiation on titanium surface and human periodontal ligament fibroblasts (HPdLF) with or without lipopolysaccharide (LPS) treatment. HPdLF cells were cultured on polished and roughed titanium plates, with or without LPS. CO 2 laser irradiated to the each culture of titanium surface. HPdLF proliferation, type I collagen, vascular endothelial growth factor (VEGF), and actin formation were evaluated. Actin was detected by phalloidin staining. Gene expression changes of type I collagen and VEGF in HPdLF were also analyzed by RT-PCR. CO 2 laser irradiation did not changes on both titanium surface. HPdLF proliferation was suppressed until the culture day 7 by LPS addition on both surfaces. However, HPdLF adhesion and proliferation increased after CO 2 laser irradiation on both titanium surfaces regardless of LPS treatment. Also, Type I collagen and VEGF productions of HPdLF increased after CO 2 laser irradiation on both titanium surfaces with or without LPS treatment. CO 2 laser irradiation of the titanium surface promoted growth and differentiation of HPdLF under LPS conditions, suggesting that induction of collagen production and angiogenesis for tissue regeneration can occur on irradiation-treated implant surfaces.
Introduction
The long-term retention for the implant is requires specific treatment, such as exclusion of the oral bacteria colony and caused fragment of LPS to be due to for the tissue inf lammation around implant. Recently, it is highly recommended surgical method to improve mastication and esthetics compared with conventional prosthesis. However, healthy maintenance of implants necessitates particular care, preventing peri-implantitis by excluding tissue infl ammatory material caused by oral bacteria colonization as well as treating the corrosion of implant body induced by chemical substances or curettage with surgical instruments [1] [2] [3] . The infl ammation exfoliates epithelial attachment and causes periodontal disease, including periimplantitis, by accumulation of biofilm in the gingival pocket 4) . Lipopolysaccharide (LPS) derived from gram-negative bacteria in biofilm is believed to play a major aggravating role in periodontal disease. Particularly, LPS derived from Porphyromonas gingivalis and Actinobacillus actinomycetemcomitans has various biological activities, and promoting alveolar bone resorption in periodontitis has been reported 5) . Therefore, LPS should be completely removed from implant body and surrounding tissue. The antibacterial function of chlorhexidine and sodium fl uoride is also an alternative method 6) . However, the exclusion was not complete to the deep part of biofi lm on implant surface with those agents.
Surgical curettage with laser irradiation recently became an increasingly applied method in treating peri-implantitis 7) . The therapy is known to regenerate of osseointegration and gingival tissue formation by removing the inf lammatory materials around implants. Smoothing of the titanium surface with scaling or brushing is an effective therapy to reduce bacterial infection to the implant roughed surface. CO 2 laser irradiation perform sterilizing effect and deformation of biofi lm on titanium surface 8, 9) . The eff ect caused by active oxygen production on titanium surface by CO 2 laser irradiation 10) . CO 2 laser are classifi ed in a far infrared rays type laser of the long-wavelength region of the electromagnetic spectrum. The character is not only an intermediate eff ect of surface absorbing form laser but also a deep part transmission type laser 11) . The thermal energy per unit area of CO 2 laser is higher than other lasers, and it has been applied to resection of the oral mucosal lesion and hemostasis. The major risk is eliciting necrosis by heat accumulation to tissue cause by excessive irradiation 12) . As for the fibroblasts affected by LPS, a production of type I collagen suppression, serious inhibition of the soft tissue regeneration to the titanium surface of the implant 13) . Type I collagen is not only a basic conformation for an extracellular matrix (ECM) when cell forms various tissue, but also on the regeneration of bones and gingiva around the implants 14, 15) . Angiogenesis is necessary to continue the histogenesis due to the cells which engrafted into a scaffold. At the event of anagenesis, VEGF is necessary for gingiva and bone regeneration after peri-implantitis with vascular inducer 16) . Also, CO 2 laser promotes activation of the neurogenesis of pulp cell and production of vascular endothelial growth factor (VEGF) 17, 18) . As above it is necessary to carry out in a cellular level how the priodontal fibroblasts which underwent laser radiation on a titanium surface perform anagenesis as expected.
In the present study, we analyzed the eff ect of CO 2 laser irradiation on roughed and polished titanium surfaces and the behavior of adherent human periodontal ligament fi broblasts (HPdLF) cultured on both surfaces in the presence or absence of LPS.
Materials and Methods

Titanium plate and HPdLF culture
Titanium plates (JIS Grade 2, Yoshioka Co., Ltd., 10 × 10 × 1 mm) were processed to polished (Ref lex base P4000, PESI metallgraphie Co., Eybens, Switzerland) or roughened surface (Al/ Si blast processing), and they were autoclaved for sterilization after washing with acetone ethanol. Human periodontal ligament fibroblasts (HPdLF, Lonza Group Ltd., Basel, Switzerland) were cultured using mesenchymal stem cell basal medium (MSCBM) with fi broblast growth factor (b-FGF; Lonza Group Ltd.) and placed in 5% CO 2 atmosphere. The passages of cells were treated with 0.05% Ethylenediaminetetraacetic acid (EDTA)/0.25% trypsin before experiment at sub-confluent conditions at day 7 forrwing by manufactures protocol (Lonza Group Ltd.). Cells were seeded at 1 × 10 5 cells/ml on a titanium plate (n=6) in a 6-well multiplate which a titanium plate was already put for each experiment in Dulbecco's Modified Eagle's medium (D-MEM)/10% fetal bovine serum (FBS; JRH Bioscience, Lenexa, KS, USA) and used for experiments
LPS addition and CO 2 laser irradiation to HPdLF
Lipopolysaccharide (LPS, Sigma-Aldrich, St. Louis, MO, USA) was added to HPdLF cells on titanium plates after 24 hours culture at a concentration of 0.1μg/ml (n=6 for each concentration) 18) . Subsequently, twenty-fore hours later, CO 2 laser irradiation (OpeLaser, Yoshida mill, Tokyo, Japan) was introduced vertically at a distance of 5 mm above the titanium surface at an output of 2.0 w/s for a period of 10 or 60 s (n=6 for each time period) over culture medium. The culture medium was changed every day subsequently in an incubation period for 1-14 days. Morphological and mRNA analyses were performed after each culture.
Observation of titanium surface topology
Surface topography were measured both smoothed and roughened titanium surface on days 7 HPdLF culture of which were irradiated with or without CO 2 laser. After the culture period, each titanium plates were washed with nonionic detergent (25 mM Tris -HCl, pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)) and were rinsed with pure water before measurement. Scanning electron microscope (SEM) imaging and surface coarseness measurement were performed using a scanning type confocal laser scanning microscope (LEXT-OLS4100, Olympus, Tokyo, Japan). Settings of the system were programmed as follows: 3D scanning mode, UMPLFLBD5 × object lens model, and 1024 × 1024 μm image size. The surface roughness analysis was performed at 3 mm length by 0.3 mm/s on each conditioned titanium surface (n=4) with or without laser irradiation by contact profilometers (Surfcom 130A, Tokyo Seimitsu, Tokyo, Japan). Scanned data were evaluated by calculating the arithmetic average of the absolute values of the roughness (Ra) profi le ordinates (arithmetical mean coarseness; (Ra (μm) = 1/l ∫ lo| f(x)| dx) as followed by JIS B 0601 (1994).
Histochemical evaluation of HPdLF
HPdLF were cultured on the titanium plate of polished and roughed surfaces. After CO 2 laser irradiation, cells were cultured for 7 days and fixed in 4% paraformaldehyde (PFA)/PBS. Cellular survival rate was evaluated by counting nuclei stained with 4′,6-diamidino-2-phenylindole dihydrochlor ide (DAPI: Vector Laborator ies, Burlingame, CA, USA). Cellular skeletal changes were evaluated by actin staining, using fl uorescence cytological phalloidin staining (Vector Laboratories). Cellular differentiation and function were analyzed by immunohistological staining with primary antibodies against human type I collagen (Abcam PLC, Cambridge, UK) and human VEGF (PeproTech, Rocky Hill, NJ, USA), respectively.
Microscopy analysis
Actin, type I collagen and VEGF were detected by a fl uorescence microscope (Axio Vision2, Jena, Zeiss, Germany) with fluorescent phalloidin (Cytoskeleton, Inc, Denver, CO. USA), fluorescein antirabbit IgG antibody (VectaFluor R.T.U. DyLight 488 Anti-Rabbit IgG, Vector Laboratories) and rhodamine rabbit IgG antibody (VectaFluor R.T.U. DyLight 594 A nti-Rabbit IgG, Vector Laborator ies), respectively. Type I collagen protein quantity was analyzed by digital image processing software (ImageJ 1.47v, Bethesda, Maryland, USA) for fl uorescence cytology-positive area in digital image photograph of the sample for each fi ve fi eld.
Gene expression analysis
The mRNA expression of HPdLF after with or without CO 2 laser irradiation, and/or LPS addition were determined by RT-PCR (TaqMan ® Gene Expression Assays, Thermo Fisher Scientific, Waltham, MA, USA). Total RNA was isolated from each culture using One-Step Real-Time RT-PCR Master Mixes® (Invitrogen, Waltham, MA, USA), followed by an amplification step using the Single Cell-to-CT™ Kit ® (Life Technologies, Waltham, MA, USA). PCR amplifications were performed using sense-and anti-sensespecifi c primers for human vascular endothelial growth factor (VEGF, Hs00900055_m1), type I collagen (Hs00164004_m1), inducible nitric oxide synthase (iNOS, NC_000017.11) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Hs03929097_g1) according to the manufacturer's protocol and analyzed with ROX on an ABI PRISM ® 7700 instrument. Efficiency as measured from a standard curve was 97%, with an R² value of 0.998.
Statistical analysis
At least three independent experiments were performed, each in six samples. Statistical analysis was performed using the Welch's t-test, and statistical signifi cance was set at p-value of <0.05.
Results
Topology of titanium surface after CO 2 laser irradiation
There were no diff erences observed in processed SEM images of polished and roughed titanium surfaces before and after CO 2 laser irradiation. Topological image of polished and roughed surfaces before and after irradiation were analyzed (Fig. 1) . No-diff erence of roughness of polished surfaces was comparable between irradiated (0.025 ± 0.006 μm) and non-irradiated control surface (0.027 ± 0.003 μm, p=0.64). Similarly, Ra was comparable between irradiated (1.537 ± 0.115 μm) and non-irradiated control roughed-surface (1.496 ± 0.054 μm, p=0.83) ( Table 1) .
Changes of HPdLF viability after CO 2 laser irradiation
Changes of HPdLF cells number of both titanium surfaces following CO 2 laser irradiation are shown in Figure 2 . Cells number decreased signifi cantly 3 days after irradiation ( Fig. 2A, polished ) on day 7 after irradiation as the levels of both on polished surface ( Fig. 2A , 250 ± 12.2 cells/mm 2 ) and roughed surface (Fig. 2B , 203 ± 9.8 cells/mm 2 ) of non-irradiated controls. These cells number were also increased on both polished surface ( Fig. 2A, 
Mo rphologi ca l f i ndi ngs of HPdLF af t er CO 2 l as er irradiation
HPdLF were stretched out forming a pseudopodium and form a line on abrasion scar of the polished surface (Fig.  3, a and d) and were more like arborescence on roughed surface (Fig. 3, g and j) without a gap. Cells adhesion were decreased on both surfaces on day 3 after CO 2 laser irradiation time-dependent manner (Fig. 3, b , c, h and i) in comparison to control cultures (Fig. 3, a and g ). Indeed, there were signifi cantly fewer cells adhered to both titanium surfaces following 60 s of irradiation compared to 10 s of irradiation and control conditions. Cells adherence increased significantly on both titanium surfaces 7 days after the irradiation. Type I collagen was positively stained on HPdLF in control cultures of both titanium surfaces on days 3 and 7 ( Fig. 3, a, d, g and j) . The staining intensity decreased after irradiation on day 3 (Fig. 3 , b, c, h and i) and subsequently recovered at 7 days (Fig. 3, e, f, k and 1) . Moreover, cell morphology was comparable to that of controls on both surfaces on day 7 after 60 s irradiation. Cells were aligned and pseudopodium projection similar to non-irradiation of both surface at day 7 by SEM image (Fig. 3, m, roughed  surface) .
Actin fi laments were noticeably more visible in HPdLF control cultures (Fig. 4 , a and e) compared to those treated with LPS (Fig. 4, b and f) . The fi laments were signifi cantly increased following CO 2 laser irradiation (Fig. 4, c and g ) compared to control cultures. Also, actin formation increased on the irradiated both surfaces after LPS treatment (Fig. 4,  d and h ). The production of F-actin decreased in cells on roughened surface by LPS treatment (Fig. 5, a: p<0.05) . However, the production was increased after the irradiation with or without LPS treatment (Fig. 5, b and c: p<0.05).
Changes of ECM production and anagenesis functions of HPdLF by CO 2 laser irradiation
Type I collagen mRNA expression was increased in HPdLF after CO 2 laser irradiation on both titanium surfaces until culture day 3 (Fig. 6A, a: p<0.05, signifi cant diff erence to 0 s on day 1, b: p<0.05, significant difference to 0 s on day 3). These effects increased in proportion to exposure time. LPS-treated cells decreased type I collagen protein positive area on both surfaces (Fig. 6B, LPS) , but the intensity increased after irradiation on day 7 (Fig. 6B , Laser, c: p<0.05, significant difference to control, d: p<0.05, significant diff erence to LPS).
HPdLF strongly expressed VEGF on both polished and roughened surfaces in control (Fig. 7A, a and e) and CO 2 laser irradiated cultures (Fig. 7A, c and g ). VEGF production decreased following LPS addition on both surfaces (Fig. 7A, b and f) , but it was restored by irradiation (Fig. 7A, d and h ). VEGF mRNA expression increased on both surfaces following irradiation (Fig. 8B, polished surface: 1.14 fold, roughened surface: 1.12 fold, a: p<0.05). In contrast, LPS decreased VEGF mRNA expression on both surfaces (Fig. 8B, polished surface: 0.63 fold, roughened surface: 0.61 fold, b: p<0.05). This decrease was restored to control levels by irradiation on both surfaces (Fig. 8B , polished surface: 1.01 fold, roughened surface: 1.06 fold, c: p<0.05).
Effect for iNOS gene expression by LPS on HPdLF by CO 2 laser irradiation
HPdLF weakly expressed iNOS mRNA on roughened surfaces in Immunocytochemical staining of VEGF in HPdLF aff ected by LPS and CO 2 laser i r radiat ion on t it an ium polished and roughened surfaces. HPdLF was stained with VEGF (red) and DAPI (blue) on polished (a, b, c, d) and roughened (e, f, g, h) surface on culture day 7 and was observed using a fl uorescence microscope. HPdLF was labeled with rhodamine after immune-labeled with antihuman VEGF antibody for 20 min (red). LPS: 100 ng/ ml), Laser: Exposure time for CO 2 laser was 60 s, LPS+Laser: LPS (100 ng/ml) + CO 2 laser radiation for 60 s. ×100. Nuclear of cells were stain with DAPI (blue), bars: 50 μm. (Fig. 9) . CO 2 laser irradiation weakly increased iNOS mRNA expression on HPdLF cells (day 1: 0.77 fold, day 3: 0.66 fold). iNOS mRNA expression increased by following LPS addition (day 1: 2.9 fold, day 3: 2.5 fold, day 7: 2.2 fold) during culture period. However, iNOS mRNA expression on HPdLF was suppressed by CO 2 laser irradiation after LPS aff ection (day 1: 2.9 part, day 3: 4.5 part, day 7: 3.0 part, *: p<0.05, LPS+Laser vs. LPS).
Discussion
This study investigated the eff ect of CO 2 laser irradiation on the growth and diff erentiation of HPdLF, cultured on diff erent titanium surfaces with or without LPS. There were no morphological changes for titanium surface by CO 2 laser irradiation. Interestingly, HPdLF ultimately increased type I collagen and VEGF productions even under LPS treatment after CO 2 laser irradiation. Our results suggest that CO 2 laser irradiation promotes growth and differentiation of HPdLF, increases the expression of angiogenic factors, and mitigates the eff ects of LPS.
When a CO 2 laser acts directly, as for the organic compound such as the protein, a denaturation and cauterization will be performed (the LPS will not be exception) by the energy and fever. Laser wavelengths have been shown to be absorbed by diff erent components such as hemoglobin, melanin, water, and hydroxyapatite 19, 20) . In this experiment, we did not evaluate the changes of heat evolution and the crystal structure of titanium surface by laser irradiation. Park et al. 21) evaluated that the energy of CO 2 laser was not absorbed by titanium and did not induced any color or structural changes of titanium surfaces. To affi rm the report, we did not observe any morphological changes in the titanium surfaces following energy of CO 2 laser irradiation (Fig. 1, Table 1 ). The emission mode will have an effect on laser-tissue interaction through average power and peak power in relation to thermal relaxation factors of the target tissue 22) . In present study, while HPdlF cells proliferation decreased on both polished and roughened surfaces in function of exposure time to irradiation on culture day 3, than the cells number increased on culture day 7 (Figs. 2  and 3 ). Furthermore, increase type I collagen production in HPdLF, a characteristic marker of fi broblasts, was also observed after irradiation (Figs. 3 and 6B) . These results comply with a previous report showing a growth induction of osteoblasts cultured on titanium surface following low energy laser 23) . Type I collagen is a matrix protein which is important in gingival tissue regeneration. Production of type I collagen from fi broblasts greatly facilitates recovery by preventing the enlargement of the pocket around the implant 11) . CO 2 laser irradiation for HPdLF did not just increase type I collagen protein production (Fig.  6B ) and gene expression (Fig. 6A ) under normal conditions, but it also reversed the deleterious effects of HPdLF viability and function on both polished and roughened titanium surfaces by LPS. These results suggest that CO 2 laser irradiation promotes adhesion of fibroblasts on polished surface and reveals its potency to exclude the bacterial invasion of the implant circumference gingival pocket.
Angiogenesis is necessary to induce tissue generation around implant. CO 2 laser irradiation raised the protein production and mRNA expression of VEGF in HPdLF on both titanium surfaces. HPdLF were also restored VEGF production after a significant decrease following LPS aff ection (Fig. 7and 8) . These observations conform to a recent report suggesting the eff ect of irradiation promoting VEGF expression in the early stage of the wound healing 16, 17) . Implant bacterial infections can be reduced by removing and cleaning of biofi lm on the titanium surface with scaler or brush. This treatment allows gingival fi broblast adhesion to the smooth titanium surface while the bacterial adhesion rate becomes low 24) . Human-gingival-fi broblasts lost the race-for-the-surface against all bacterial strains on nearly all implant materials, except on the smoothest titanium variants 25) . However, they will be impossible to cleaning and disinfecting the surface and surrounding area of the implant, such as the roughened-surface or interosseous space of implant. Kato et al. 8) reported no diff erence on the sterilization by CO 2 laser irradiation was transmitted in an irregularity by the difference in titanium surface structure by the refl ection between the fi ne structure.
Laser rays also induce oxidation of titanium 26) and as for photocatalysis of TiO 2 . Laser irradiation induces excitation electron interacts with O 2 and H 2 O in titanium crystal surface and forms O -(superoxide ion) and OH -(hydroxyl radical). These oxygen radical develops in response to an organic compound 27) . Giannelli et al. 28) reported that the cultured macrophage on the titanium plate, which coated LPS and irradiated YAG laser, the activity and nitric oxide production of macrophage decreased. The laser treatment increased MG63 cell proliferation and decreased the expression of infl ammatory mediators 29) . We also determined that iNOS gene expression was decreased after CO 2 laser irradiation on day 3 triggered by LPS in HPdLF on roughened titanium surfaces (Fig. 9) .
We conclude the above, CO 2 laser ir radiat ion i ncreased proliferation and adhesion of HPdLF to the titanium surface, CO 2 laser irradiation restored the actin formation and type I collagen production of HPdLF after LPS affection. Furthermore, the effect reinforced a production of VEGF in HPdLF aff ected by LPS. These data suggest that CO 2 laser irradiation prevents LPS effects without inducing changes in the properties of titanium surface, and which promotes fibroblastic growth and differentiation as well as angiogenesis for tissue regeneration.
